Introduction
The hydroxy radical is known to be one of the reactive oxygen species (ROS) that plays a crucial role in biological damage. 1 Since the generation of ROS in a living body is sometimes induced by radiation, many studies have been conducted on the reaction of the hydroxy radical in water solutions using a pulse radiolysis technique along with a time-resolved optical density analysis. [2] [3] For these studies, complicated and costly equipment is required. Therefore, it is not practical to apply such methods to measure the reactivity of samples extracted from foodstuffs including anti-oxidants, etc., with the hydroxy radical. Alternatively, the spin-trapping electron spin resonance (ESR) measurement is a convenient and popular technique to identify the ROS. With this technique, short-lived oxygen derived radicals are trapped by a spin trap to form long-lived radicals. One of the popular spin traps used for the oxygen/nitrogen centered radicals in aqueous solutions is 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and some of the rate constants of the scavenging reactions of the ROS have been estimated by the spin-trapping method using DMPO. [4] [5] [6] [7] [8] There are two systems generally used to produce the hydroxy radical for the spin-trapping ESR method; one is the Fenton system and the other is the photolysis of hydrogen peroxide. In the Fenton system, generated hydroxy radicals react with not only the radical scavenger and spin traps (e.g., DMPO), but also the radical source, Fe
2+
. Therefore, the consumption of hydroxy radicals is complicated by the competition of reactions of the three kinds of species; i.e., the scavenger, spin trap, and Fe
. Hence it is difficult to control the concentration of the hydroxy radical. The photolysis system under certain conditions is appropriate for studying the kinetics of the hydroxy radical with scavengers. However, the estimation of the reaction rate of the hydroxy radicals will not be accurate if the competitive scavengers also absorb UV light.
It is known that hydroxy radicals can react with phenol derivatives by addition to the aromatic ring because of their electrophilicity. 9, 10 Because many of the polyphenol derivatives are used as anti-oxidants, it is practical if the reactivity of the hydroxy radical with polyphenols can be estimated using the ESR spin-trapping method. The polyphenol derivatives absorb UV light at a wavelength shorter than 300 nm. Moreover, electrons are ejected from the hydroxy base of the polyphenol derivatives by photo-excitation. 11 The released electrons will react with hydrogen peroxide to regenerate the hydroxy radical. Therefore, the photolysis of hydrogen peroxide by UV-light without a filter will not be adequate to study the reaction of polyphenol derivatives with hydroxy radicals.
In this report, the irradiation of UV-A (300 -400 nm) light on hydrogen peroxide solutions was employed to generate hydroxy radicals because UV-A lights are mostly inactive to the photo oxidation/reduction of the spin trap, DMPO, co-existing in the irradiated solutions. Poly-hydroxy benzenes; i.e., catechol, resorcinol, hydroquinone, and pyrogallol, were selected as the polyphenol (hydroxybenzene) derivatives. In addition, as a model of the in vivo targets, thymidine was selected and its reactivity with hydroxy radicals was examined. The results were compared to previously reported results by pulse radiolysis. Furthermore, to obtain the theoretical basis of the experimentally estimated order of reactivity among the poly-phenol scavengers, density functional theory (DFT) calculations were conducted.
Experimental

Reagents and chemicals
The spin trap; 5,5-dimethyl-1-pyrroline N-oxide (DMPO, LABOTEC Co., Ltd.) and scavengers; i.e., catechol (Wako Pure Chemical), resorcinol (Wako Pure Chemical), hydroquinone (Sigma-Aldrich Chemical), pyrogallol (Wako Pure Chemical), and thymidine (Sigma-Aldrich Chemical), were used as received. All the aqueous solutions were prepared using ultrapure water from a Milli-Q system (Millipore, A10) without buffer. Hydrogen peroxide (3%, Wako Pure Chemical) was diluted using ultrapure water. The pyrogallol solution was prepared in a nitrogen atmosphere and purged with nitrogen during the sample preparation to prevent auto-oxidation. The reaction of the hydroxy radical with thymidine and poly-hydroxy benzenes; i.e., catechol, resorcinol, hydroquinone, and pyrogallol, was studied by ESR spin trapping combined with the UV-A photolysis of hydrogen peroxide. The obtained relative reaction rates reasonably agreed with those previously obtained by pulse radiolysis. Electron distribution in the HOMO obtained by DFT calculations also supports the resulting order of reactivity of the polyphenols. 
Notes
Procedure
A solution containing DMPO and hydrogen peroxide and that of the scavengers was mixed using a sample mixer (JEOL ES-SM2) and filled in a quartz flat cell in the ESR cavity. UV-light from a Xe-lamp (JEOL ES-UXL500, Current: 25A) was filtered through an optical filter (B-370 or U-340), focused with a condense lens (JEOL ES-UVLL), and used to irradiate the mixture of the sample solution in the flat cell. The ESR spectra were recorded by a JEOL FA-200 spectrometer immediately after the UV-light irradiation for 10 min. The ESR measurements were conducted under the following conditions: microwave power of 4 mW, sweep magnetic field of 15 mT, modulation width of 0.3 mT, signal intensity amplitude of 250, time constant of 0.03 s, and sweep time of 2 min. The ESR signals were processed by an ES-PRITS data system.
Signals from Mn 2+ dispersed in MgO were used to normalize those obtained from the sample. As the standard for the spin concentration which was determined by double-integration of the ESR spectrum, 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL) distilled in benzene was used. Figure 1 shows the transmittance spectra of the optical filters used in this study. For irradiation of UV-A light, a B-370 filter was selected. The U-340 filter was used to confirm the effect of UV-light at a wavelength of 280 -300 nm. Though some of the nitrite spin traps are photo-sensitive, DMPO is stable against UV-A light, absorbing UV-light at a wavelength of 200 -260 nm. On the other hand, hydrogen peroxide absorbs UV-light at a wavelength shorter than 300 nm. When the concentration of hydrogen peroxide is greater than that of DMPO, the UV-A light will mainly be absorbed by the hydrogen peroxide and produce the hydroxy radical. Figure 2 shows the ESR spectra obtained by UV-light irradiation through the B-370 filter of the hydrogen peroxide (1 mM) and DMPO (200 μM) solution with and without hydroquinone. The 1:2:2:1 quartet pattern shows the hyperfine coupling of 1.5 mT, the same value as that of DMPO-OH reported previously. 12 The yield of DMPO-OH decreased with an increase in hydroquinone concentration. Such a negative correlation between the DMPO-OH yield and the concentration of hydroquinone was not observed when the molar ratio of the hydrogen peroxide versus DMPO was unity (500 μM) and the U-340 filter was used during the irradiation. In this case, the DMPO-OH yield increased with the addition of more than 10 μM hydroquinone and the hydroquinone apparently showed no quenching effect on the hydroxy radical. In the absence of hydroquinone, a similar amount of DMPO-OH was observed during irradiation through the B-370 and U-340 filters. Because hydroquinone absorbs 270 -310 nm light, irradiation by the UV-light at these wavelengths could excite some of the concentrated hydroquinone to the higher energy state and contribute to the generation of the hydroxy radicals. When a 10 times excess of hydrogen peroxide to DMPO was applied and the solution was irradiated through the B-370 filter, the addition of hydroquinone (2 -5 μM) also increased the yield of DMPO-OH. In this case, the photo-degradation of hydrogen peroxide generates more hydroxy radicals, which could attack not only DMPO, but also DMPO-OH. Due to the added hydroquinone molecules, some of the hydroxy radicals might be quenched and the proportion of hydroxy radicals attacking the DMPO-OH should decrease, thereby increasing the apparent yield of DMPO-OH. The optimum concentrations of hydrogen peroxide and DMPO were finally estimated to be 1 mM and 200 -500 μM, respectively. Under these conditions, the yield of DMPO-OH in the absence of a scavenger was almost constant at 80 nM, independent of the DMPO concentration. The quantity of hydroxy radicals that react with the DMPO should remain almost constant, and the reaction of the hydroxy radical with DMPO-OH can be ignored. Accordingly, the competitive reaction of the scavengers (poly-phenols) and DMPO for hydroxy radicals is assumed to stoichiometrically occur to minimize the other side reactions under these conditions.
Results and Discussion
The reaction mechanism can be described as: Under conditions where the concentration of the hydroxy radicals is low enough to ignore the reaction with DMPO-OH, it can be postulated that a certain amount of hydroxy radicals, escaped from the recombination, will diffuse and react with the DMPO or scavenger. 6 The concentration of the hydroxy radicals and the yield of DMPO-OH in the absence and presence of the scavenger can be described by Eqs. (4) - (5) and (6) - (7), respectively.
[DMPO-OH]0 and [DMPO-OH]t refer to the total yield of DMPO-OH in the absence and presence of the scavenger, respectively, and can be estimated by integration vs. time using Eqs. (5) and (7). The ratio of the yield of DMPO-OH in the absence to that in the presence of scavengers can be written as follows:
When [DMPO-OH]0/[DMPO-OH]t is plotted versus the ratio of the concentration between the scavenger and DMPO:
[S]/[DMPO], a linear fitting will give a line with a slope as the apparent relative rate constant, k2/k1, and a y-intercept of one. Figure 3 shows the competition plot for hydroquinone, catechol, and thymidine as scavengers. The relative values obtained from the competition plot are listed in Table 1 .
The relative reaction rate was in the order: hydroquinone > resorcinol ~ catechol > pyrogallol > thymidine. If the absolute rate constant for the reaction of the hydroxy radical with DMPO (k1) is given, those for the scavengers (k2) can be estimated. It has been reported that the decay of the DMPO-OH follows second-order and first-order kinetics at concentrations of DMPO-OH higher and lower than 0.4 μM, respectively. 13 Because the concentration of DMPO-OH is lower than 0.4 μM using the continuous photolysis methods as in this study, the DMPO-OH follows a first-order decay. On the contrary, DMPO-OH will decrease with second-order kinetics in pulse radiolysis studies. Therefore, the apparent rate constant of the reaction of the hydroxyl radical with DMPO (k1) in this study cannot be directly compared to that obtained by pulse radiolysis. 3, 14, 15 Instead of the comparison with the absolute rate constant, the relative reaction rates for the hydroquinone values are compared, as listed in Table 1 . The relative values obtained in this study are comparable to those of pulse radiolysis studies.
For the reaction of the hydroxy radical with thymidine, it has been known that not only the addition to the double bonds of the base moiety, but also hydrogen abstraction from the methyl group of thymine occurs, 16 while the main reaction of the hydroxy radical with benzene derivatives is electrophilic π-addition to the benzene ring. An electrophile prefers addition to a carbon with high π-electron density. Therefore, the electron distribution of the highest occupied π molecular orbital (HOMO-π) of the poly-phenols was calculated to describe the reactivity with hydroxy radicals.
All calculations were performed using the Gaussian 98 set of programs. 17 Optimization of the structures and energy calculations were obtained using the B3LYP/6-31+G(d,p) system. The electron distribution of the HOMO-π can be obtained as the summation of the square of the molecular orbital coefficients for 2pz, 3pz, 4pz, 5xz, and 5yz. Since there are two isomers for the poly-hydroxy benzenes, both of them were compared. Table 2 shows the results of the electron distribution for the poly-hydroxy benzenes.
The DFT calculation shows that the four ring carbons without substituents of hydroquinone have similar π-electron densities, whereas electrons localize at the two ring carbons at the para-site of the two-phenol carbons for catechol and resorcinol. Furthermore, one of the pyrogallol isomers with high energy has electrons localized at the center of the three non-substituted carbons and the other with low energy has two reactive sites. Because the two isomers seem to exist in an almost equivalent possibility at room temperature, the average number of reactive sites of hydroquinone, catechol, resorcinol, and pyrogallol worked out to 8:4:4:3. This ratio is in good agreement with the relative ratio in Table 1 , thus supporting the order of reactivity of the polyphenols. 
Conclusions
The reaction of the hydroxy radical with thymidine and poly-hydroxy benzenes was studied by the ESR spin-trapping method with DMPO. The hydroxy radicals were produced by UV-A photolysis of hydrogen peroxide to prevent absorption of UV-light by the poly-hydroxy benzenes as well as the spin trap, DMPO. Under the condition that the concentration of the hydrogen peroxide is 1 mM and that of DMPO is 200 -500 μM, the hydroxy radical scavengers of poly-phenol competitively reacted with the hydroxy radicals and reduced the yield of DMPO-OH. The scavenging efficiency of the poly-phenols was revealed to be the order, thymidine < pyrogallol < resorcinol ~ catechol < hydroquinone. The relative reaction rates showed good agreement with those obtained by pulse radiolysis and related to the electron distribution of the highest occupied π-MO obtained by the DFT calculations. These results show that the ESR spin trapping combined with the UV-A photolysis will be a practical technique to estimate the reactivity of the poly-hydroxy benzene derivatives with hydroxy radicals. Table 2 The electron distribution of the highest occupied molecular orbital of the poly-hydroxy benzenes
Hydroquinone
Catechol Resorcinol Pyrogallol
The upper and lower configurations represent the isomer with low and high energy, respectively. The dashed line shows the joint of wave functions.
